Background: Hepatocellular carcinoma (HCC) is a primary malignancy of the liver. New serum biomarkers for HCC screening are needed, especially for alpha-fetoprotein (AFP) negative patients. As a proximal fluid between body fluids and intracellular fluid, tissue interstitial fluid (TIF) is a suitable source for serum biomarker discovery.
Hepatocellular carcinoma (HCC) is one of the most common malignancies worldwide. The mortality of HCC is high mainly due to the late diagnosis. Screening programs have improved the early detection of HCC (Sherman, 2005) , especially in high-incidence regions such as Asia (Mittal and El-Serag, 2013) . Alpha-fetoprotein (AFP) is recommended for HCC screening and surveillance by many guidelines from Asia such as the Asian Pacific Association for the Study of the Liver (APASL) (Omata et al, 2010) and the Japan Society of Hepatology (JSH) (2010) . The elevation of AFP is a risk factor for HCC and can be used to help define patients at risk. However, the sensitivity of AFP is insufficient (Daniele et al, 2004) . Thus, new biomarkers are urgently needed, especially for AFP-negative HCC patients.
As a kind of body fluid commonly used in the clinic, blood is an ideal source for biomarker discovery. However, identification of low-abundance proteins in the blood remains a challenge due to the complexity of the blood proteome. Tissue-based proteomic studies have also been carried out for biomarker discovery (Kikuchi et al, 2012) . But only secreted proteins with dysregulated abundance in blood have the potential for clinical application. How to get the tumour-originated proteins which could be released into the blood is an important issue in cancer biomarker discovery.
In this regard, proximal fluids have emerged as a novel source. Tissue interstitial fluid (TIF), as the proximal liquid surrounding the tissue cells, could reflect the microenvironment alterations during tumour development. Compared with serum, TIF contains less high abundant proteins and more suitable for mass spectrometry analysis (Sun et al, 2010) . Besides, the concentration of proteins secreted or shed from the tumour cells is higher in TIF than that in serum. Those characteristics make TIF a good source for biomarker discovery. In fact, many groups have proved that TIF could be used for biomarker discovery since Celis' group (Celis et al, 2004) established tissue elution method for TIF preparation. For example, Teng et al (2011) analysed the TIF of renal cell carcinoma (RCC) and validated the elevation of enolase 2 in the serum of RCC patients. Xie et al (2016) identified six serine proteases in colon cancer TIF and four of them were validated in serum.
Our group (Sun et al, 2010) has established the extraction method of liver TIF in previous work. In this study, in order to identify serum markers for AFP-negative HCC patients, paired tumour and adjacent non-tumour TIFs from 16 HCC patients with low serum AFP levels were analysed with four batches of 8-plex iTRAQ. Bioinformatics analysis showed that proteins involved in extracellular matrix (ECM) organisation were significantly enriched in HCC TIF and in one subtype of HCC patients with poor prognosis. The ECM is a collection of extracellular molecules, which composed primarily of collagens, laminins and various glycoproteins. The ECM proteins, which could regulate intercellular communication, may play an important role in promoting tumour growth and metastasis. Two ECM-associated proteins, SPARC and thrombospondin-2 (THBS2), were selected for further validation. SPARC is a secreted protein which may support tumour-stroma interactions and contribute to cancer progression in some certain cancers such as lung cancer (Wong and Sukkar, 2017) . THBS2 is a secreted glycoprotein which may have an oncogenic function in lung adenocarcinoma and breast cancer but may have an anti-angiogenic role in gastric cancer (Weng et al, 2016) . Our study found that SPARC and THBS2 could be candidate serum screening markers for HCC, including AFPnegative HCC. THBS2 was also identified to be a candidate serum prognostic marker for HCC.
MATERIALS AND METHODS
Sample preparation. Paired tumour and non-tumour liver tissues from 16 HCC patients who underwent hepatectomy were collected for TIF extraction. All the patients were with serum AFPo100 ng ml À 1 , including 12 patients with serum AFPo20 ng ml À 1 . The clinical characteristics of the patients (Supplementary Table S1 ) were summarised in Table S2 ). Blood samples were centrifuged at 2000 g for 5 min at 4 1C within 1 h of collection. The supernatant was further centrifuged at 13 500 g for 15 min. The serum was aliquot and stored at À 80 1C until use. HCC samples were from Peking University Cancer Hospital. Benign liver disease samples were from Peking University Cancer Hospital and Sun Yat-sen University Cancer Center. Healthy samples were from Cancer Hospital of Chinese Academy of Medical Sciences. All patients provided informed consents. The use of human samples was approved by the Ethics Committees of Peking University Cancer Hospital, Sun Yat-sen University Cancer Center and Cancer Hospital of Chinese Academy of Medical Sciences.
TIF collection. The TIF was collected according to the protocol described before (Sun et al, 2010) . In brief, fresh tissues were cut into 1-3 mm 3 pieces and washed carefully with PBS. After incubation in a CO 2 incubator at 37 1C for 2 h, the samples were centrifuged at 1000 g for 3 min to remove cells and the supernatant was transferred to a new tube for further centrifugation at 2000 g for 8 min and then 20 000 g for 30 min at 4 1C. TIF samples were aliquot and stored at À 80 1C. The protein concentration of TIF was measured using the Bradford assay (Bio-Rad Laboratories, Hercules, CA, USA).
iTRAQ analysis of TIF samples. For each TIF sample, 50 mg of proteins were mixed with 200 ml of UA buffer (8 mol l À 1 urea in 0.1 mol l À 1 Tris/HCl pH 8.5) in Amicon Ultra-0.5 Centrifugal Filter (10 kDa; Millipore Corp, Billerica, MA, USA) and centrifuged at 14 000 g for 20 min. Then samples were treated with 20 mmol l À 1 dithiothreitol at 37 1C for 4 h. After centrifugation, 50 mmol l À 1 iodoacetamide was added and incubated for 30 min at room temperature in the dark. After washing with UA buffer, triethylammonium bicarbonate buffer (TEAB) was added and the sample was digested with trypsin (Promega, Madison, WI, USA; enzyme to protein ratio 1 : 50) at 37 1C overnight. Digested peptides were labelled with iTRAQ reagents (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's (Mertins et al, 2016) . After normalisation with quantile using R package limma, consensus clustering was performed using k-means as cluster algorithm and euclidean as distance algorithm with up to 6 clusters. Subtype signatures were selected based on proteins with o50% missing data by ANOVA test and one-vs-rest t-test (Tyanova et al, 2016a) .
Western blot. TIF proteins were electrophoresed on 10% SDS-PAGE gels and transferred to nitrocellulose membranes. After being blocked for 1 h at room temperature in TBST (0.05% Tween-20 in 20 mol l À 1 Tris-HCl, 140 mol l À 1 NaCl, pH 7.5) containing 5% skim milk, membranes were incubated overnight at 4 1C with goat anti-SPARC (AF941; R&D Systems, Minneapolis, MN, USA) or goat anti-THBS2 (sc-7655; Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibodies. GAPDH (CW0100A; CWBIO, Beijing, China) was used as an internal reference. After four times of washes with TBST, the membranes were incubated for 1 h at room temperature with horseradish peroxidase (HRP)-conjugated secondary antibodies. After another four times of washes with TBST, the membranes were detected with ECL reagent (Thermo Fisher Scientific, Waltham, MA, USA).
ELISA. The serum concentration of SPARC was measured using commercial ELISA kit (DSP00; R&D Systems) according to manufacturer's instructions. Serum THBS2 level was measured using paired antibodies (DY1635; R&D Systems). Briefly, 96-well microplates were coated with capture antibody overnight followed by blocking with dilution buffer (1% BSA in PBS) for 2 h at room temperature. Then protein standard or serum samples (1 : 40) in dilution buffer were added to each well and incubated at room temperature for 2 h. After adding the detection antibody for 2 h incubation, the Streptavidin-HRP was added and incubated for 20 min at room temperature in the dark. The microplates were washed four times with washing buffer (0.05% Tween-20 in PBS) after each step above. Substrate solution (1 : 1 mixture of H 2 O 2 and tetramethylbenzidine) was added and incubated for 20 min at room temperature in the dark. Then 50 ml of stop solution (H 2 SO 4 ) was added and the plates were read at 450 nm with a microplate reader (Multiskan FC, Thermo Fisher Scientific, USA).
Statistical analysis. Perseus software (Tyanova et al, 2016b ) was used to analyse the MS data. One sample t-test was applied to assess the statistically significant difference between tumour and adjacent non-tumour TIF. Multiple hypothesis testing is performed using Benjamini-Hochberg correction at 5% significance level. The cutoff ratio for differentially expressed proteins was determined based on the two-fold s.d. derived from the technical repeats of pooled samples. For serum ELISA result, the SPSS software package (Version 16.0) was used for statistical analysis. MannWhitney U-test was used to compare serum candidates between HCC and healthy or benign liver disease controls. Receiver operator characteristic (ROC) curve for the combination of SPARC and THBS2 was created by the probabilities of binary logistic. The association between serum candidates and clinical characteristics was calculated based on Pearson w 2 test or Fisher exact test. Survival curve of THBS2 was analysed with Kaplan-Meier method and P-values were calculated based on the log-rank test. Cox proportional hazard regression was used for multivariate analysis. All statistic tests were two-sided and statistical significance was set at Po0.05.
RESULTS
Identification and quantification of proteins in TIF samples with iTRAQ experiments. Totally, 3629 proteins were identified and 3357 proteins were quantified in paired tumour and adjacent non-tumour TIFs from 16 HCC patients by iTRAQ ( Figure 1A and Supplementary Table S3 ). Pooled tumour and adjacent nontumour TIFs from the same 16 HCC patients were quantified in duplicate using 4-plex iTRAQ, with 2119 proteins identified and 2114 proteins quantified (Supplementary Table S4 ). About 98% of identified (2085) or quantified (2068) proteins in this experiment were covered by the 8-plex iTRAQ results, and the ratios tumour/nontumour between pooled samples and individual samples were highly correlated (r ¼ 0.87, Supplementary Figure S1 ). Proteins with ratios tumour/non-tumour greater or lower than 1.4 with BenjaminHochberg FDRo5% were considered to be significantly changed (Supplementary Table S5 ). This resulted in 232 significantly upregulated and 257 significantly down-regulated proteins in tumour TIF compared with adjacent non-tumour TIF, which was shown in Figure 1B .
Gene ontology term enrichment analysis of TIF proteome. Gene Ontology (GO) cellular component enrichment analysis was performed with the 3629 proteins identified in TIF by DAVID. The result showed that vesicle proteins were significantly enriched in TIF (Supplementary Figure S2) . The protein composition in TIF was compared with vesicle database Vesiclepedia (Kalra et al, 2012) . It was found that about 80% of proteins identified in TIF were included in vesicle database, which indicated the important tumour microenvironment characteristics of TIF as expected. Furthermore, to identify biological function changes in HCC TIF, GO biological process enrichment analysis was performed with the differentially expressed proteins. The top ten significantly enriched GO biological processes (ranked by P-value) in up-regulated or downregulated proteins were shown in Figure 1C . Biological processes related to immunisation, single-organism transport, extracellular matrix organisation and blood vessel morphogenesis were significantly enriched by upregulated proteins in HCC TIF. The enriched immunity-related biological processes were consistent with the immune cell infiltration in tumour tissues (Supplementary Figure S3) . Oxidation-reduction process and metabolic processes including small-molecule metabolic process and organic acid metabolic process were significantly enriched in the downregulated proteins.
Subtyping of HCC TIFs. Quantitative proteome data of individual HCC TIF samples were used for HCC subtyping by k-means based consensus clustering. Three subgroups were identified based on 354 proteins with no missing values and s.d.X0.7 (Supplementary Figure S4 and Supplementary Table S6 ). ANOVA analysis identified 172 differentially expressed proteins between any of the three subtypes (FDRo5%). One-vs-rest t-test was used to determine subtype signatures (Supplementary Table S7 ). GO biological process enrichment analysis was conducted on these subtype signatures ( Figure 1D and Supplementary Table S8) . Oxidation reduction process and lipid metabolic process were exclusively enriched in subtype 1. Subtype 3 showed reduced metabolic related biological processes. Meanwhile, subtype 3 was characterised by elevation of cell migration, cell motility, extracellular matrix organisation and immune response. Subtype 2 showed elevated protein complex biogenesis. In addition, the subtypes exhibited different clinical outcomes. HCC patients in subtype 3 had a significantly poor disease-free survival (DFS) compared to patients in subtype 1 (P ¼ 0.008, log-rank test) and subtype 2 (P ¼ 0.041, log-rank test). Although the number of samples in our study was very few, this preliminary result showed that the TIF proteome data could be used for HCC subtyping.
Confirmation of extracellular matrix-associated proteins in TIF by western blot. As the component of TIF, extracellular matrix (ECM) played important roles in cancer progression (Lu et al, 2012) . Since extracellular matrix organisation biological process was significantly enriched in upregulated proteins in HCC TIF ( Figure 1C ) and in subtype 3 as elevated subtype markers ( Figure 1D) biomarkers were searched in the Human Protein Atlas database (Uhlen et al, 2015) . Three proteins including thrombospondin-2 (THBS2), Laminin subunit beta-1(LAMB1) and SPARC were found out to be upregulated in more than 50% of liver cancer tissues compared to normal liver tissues. The expression of SPARC and THBS2 in the same 16 pairs of HCC TIFs used in the iTRAQ experiment was further confirmed by western blot (Figure 2A ). Samples were ordered according to each batch of the iTRAQ experiment. The result of western blot showed that both SPARC and THBS2 were significantly elevated in HCC tumour TIF compared with adjacent non-tumour TIF (Po0.01, Wilcoxon matched-pairs signed rank test), which was consistent with the iTRAQ result. Western blot results for the corresponding paired HCC TIFs of THBS2 were more consistent with iTRAQ ratios than those of SPARC, which might due to the more unique peptides identified by mass spectrometry for THBS2 than SPARC.
Validation of SPARC and THBS2 in the serum samples. The levels of SPARC and THBS2 were examined in the sera of 44 HCC patients and 30 healthy controls by ELISA (Supplementary Table  S2 ). Both SPARC and THBS2 were significantly elevated in the sera of HCC compared with healthy controls (Po0.0001; Figure 3A ). The ROC curve of SPARC for distinguishing HCC from healthy controls provided an AUC value of 0.88 (sensitivity ¼ 80%, specificity ¼ 93%), while the AUC of THBS2 was 0.91 (sensitivity ¼ 80%, specificity ¼ 93%). When these two candidates were combinedly used (the probabilities of binary logistic were calculated by SPSS and used to create ROC curve), higher accuracy in distinguishing HCC from healthy controls (AUC ¼ 0.97, sensitivity ¼ 86%, specificity ¼ 100%) was achieved. For AFP negative (o20 ng ml À 1 ) samples (n ¼ 22), serum concentration of SPARC and THBS2 in HCC were also significantly higher than that in healthy controls (Po0.0001, Figure 3B ). The ROC curve showed that SPARC (AUC ¼ 0.88, sensitivity ¼ 77%, specificity ¼ 93%) and THBS2 (AUC ¼ 0.90, sensitivity ¼ 86%, specificity ¼ 87%) could also distinguish AFP-negative HCC patients from healthy controls. Combination of serum SPARC and THBS2 achieved higher accuracy for distinguishing AFPnegative HCC patients from healthy controls (AUC ¼ 0.95, sensitivity ¼ 91%, specificity ¼ 93%; Figure 3C ).
Besides this, the levels of SPARC and THBS2 were also examined in the sera of 17 benign liver disease patients (Supplementary Figure S5) . It was found that the levels of SPARC in the sera of HCC were significantly lower than those in benign liver disease patients (Po0.0001), while THBS2 in the sera of HCC were significantly higher than those in benign liver disease patients (P ¼ 0.0004). Combination of serum SPARC and THBS2 could distinguish HCC patients from benign liver disease patients (AUC ¼ 0.93, sensitivity ¼ 80%, specificity ¼ 94%). Results above indicated that the combination of serum SPARC and THBS2 could be used for HCC screening in asymptomatic healthy controls and benign liver disease patients. Prognostic value of THBS2 in HCC patients. The correlations between serum concentrations of these two candidates and clinical characteristics of HCC patients were examined. Serum levels of SPARC and THBS2 were divided into high and low groups based on their median values in 44 HCC patients. The result showed that high level of serum THBS2 was significantly correlated with microvascular invasion (P ¼ 0.021) and TNM stage (P ¼ 0.042) in HCC patients (Table 2 ). More importantly, the multivariate Cox regression analysis of HCC patients showed that serum THBS2 level (P ¼ 0.016), together with microvascular invasion, were independent risk factors for DFS in HCC patients (Table 3) . Then the association between serum THBS2 and HCC patients' prognosis was assessed. Kaplan-Meier survival analysis revealed that HCC patients with high THBS2 levels had significantly shorter . HCC patients had higher serum SPARC and THBS2 levels than healthy controls (Po0.0001, Mann-Whitney U-test). (C) ROC curves for SPARC and THBS2 to discriminate HCC (left) or AFP-negative HCC (right) patients with healthy controls. The combination of serum SPARC and THBS2 achieve better performance than SPARC or THBS2 alone in discriminating HCC or AFP-negative HCC patients from healthy controls. (D) Kaplan-Meier analysis of disease-free survival (left) and overall survival (right) of HCC patients with high or low serum THBS2 levels (cutoff 36.9 ng ml À 1 according to the median value).
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Higher serum THBS2 was significantly correlated with short DFS and OS in HCC patients (log-rank test). DFS (Po0.0001) and overall survival (OS) (P ¼ 0.001) than those with low THBS2 levels ( Figure 3D ). These results indicated that THBS2 could be used as a candidate serum biomarker for HCC prognosis.
DISCUSSION
As the body fluid exists between tumour cells and capillary blood, TIF contains proteins secreted or shed from tumour cells and surrounding stromal cells, which could reflect the pathological alterations within the tumour microenvironment. Our previous works proved that liver TIF does not have obvious high-abundance proteins, which makes it easier to identify tumour-derived low-abundance proteins. Although the concentration of proteins in TIF will be greatly diluted in blood, which may lead to failed validation of candidates in blood, TIF is still a good source for biomarker discovery. In this study, we profiled the proteomes of 16 paired HCC TIF samples and identified 3629 proteins, which is the largest proteomic dataset of HCC TIF with high confidence to our knowledge. It is known that sometimes the alteration of protein levels in serum may not be consistent with that in tumour tissue. For example, Na's group (Na et al, 2009 (Na et al, , 2013 reported that the level of liver carboxylesterase 1 (CES1) was elevated in the plasma of HCC patients, but was remarkably downregulated in HCC tumour tissues. As CES1 was secreted by tumour cells, Na's group proposes a hypothesis that the opposite alteration of CES1 in tissue and plasma of HCC patients might due to the enhanced secretion in tumour tissue compared with control tissue. In our study, the level of CES1 was elevated in 62.5% (10/16) of HCC TIF samples, which indicated that the level change of secreted proteins in TIF was more consistent with that in serum sometimes. In this point, TIF is an ideal source for biomarker discovery.
ECM proteins, which play roles in cell adhesion and cell-to-cell communication, have been proved to be potential cancer biomarkers (Paradis et al, 2005; Shang et al, 2012; Lucarelli et al, 2013; Naba et al, 2014) . In our study, ECM proteins were found upregulated and ECM organisation biological process was significantly enriched in HCC TIF and in subtype 3 HCC patients. Two ECM proteins, SPARC and THBS2 were selected for further validation. SPARC is a glycoprotein involved in cell growth regulation through interactions with the ECM and cytokines. The role of SPARC in cancer is complex because SPARC could promote tumour progression in some certain cancers such as melanoma and glioma, while may function as a tumour suppressor in other types of cancer such as ovarian cancer and colorectal cancer (Tai and Tang, 2008) . The role of SPARC in HCC remains unclear. Lau et al (2006) found that overexpression of SPARC in mouse xenograft models resulted in the delayed growth of HCC. Atorrasagasti et al (2010) showed that over-expression of SPARC reduced the tumorigenicity of HCC cells. However, Deng et al (2016) reported that as a target of miR-211, uncontrolled SPARC over-expression might be related with HCC progression. Although the role of SPARC in HCC is not clear, SPARC was reported to be upregulated in HCC tissues consistently (Le Bail et al, 1999; Lau et al, 2006) . Our results for the first time demonstrated that SPARC was elevated both in HCC TIFs and sera. And serum SPARC could efficiently distinguish HCC or AFP-negative HCC patients from healthy controls.
Thrombospondins are a family of secreted glycoproteins mediating antiangiogenesis. In our data, thrombospondin-1 (THBS1) and thrombospondin-2 (THBS2) were both up-regulated in HCC TIF. THBS1 has been reported as a potential diagnostic and prognostic marker for HCC (Poon et al, 2004; Chen et al, 2011) and high expression of THBS1 might be associated with HCC invasiveness (Poon et al, 2004) . However, there is no study about THBS2 in HCC yet. The overexpression of THBS2 in tumour tissue was correlated with poor prognosis in renal cancer (Boguslawska et al, 2016) , ovarian cancer (Cheon et al, 2014) and oral cavity squamous cell carcinoma (Hsu et al, 2014) . However, upregulation of THBS2 in gastric cancer (Sun et al, 2014) tissue was correlated with favourable prognosis, suggesting that THBS2 might play different roles in different kinds of cancer. Our study discovered the upregulation of THBS2 in HCC TIF. Western blot result confirmed the elevation of THBS2 in HCC TIF and showed that about half of HCC TIFs had higher level of THBS2. The individual differences of THBS2 expression might due to the different subtype of HCC patients as THBS2 was a marker of subtype 3 HCC. ELISA result showed that the serum level of THBS2 was elevated in HCC patients. THBS2 could distinguish HCC or AFP-negative HCC from healthy controls. We also found that the serum level of THBS2 in HCC patients was correlated with microvascular invasion and advanced TNM stage. Survival analysis showed that high serum THBS2 level was associated with poor prognosis and THBS2 was an independent risk factor for HCC recurrence. To our knowledge, this is the first time that serum THBS2 was found to be a candidate biomarker for HCC. Besides, the differential expression of serum SPARC and THBS2 between HCC and benign liver disease patients were also detected. Further analysis found that combined serum level of SPARC and THBS2 could distinguish HCC from healthy or benign liver disease group, suggesting the potential value of these two candidate HCC serum biomarkers for further large-scale clinical validation.
In conclusion, we profiled 16 pairs of HCC TIFs with iTRAQ technique. Two ECM proteins, SPARC and THBS2 were found to be candidate serum biomarkers for HCC screening. And serum THBS2 was also found to be a novel indicator for poor prognosis of HCC. This study showed that TIF could reflect the pathological changes of HCC tumour microenvironment and serve for serum biomarker discovery with the in-depth proteomic analysis. 
